ABSTRACT
INTRODUCTION
Infectious retroviruses are important causative agents of human and animal diseases such as neurological disorders, acquired immunodeficiency syndrome (AIDS) and induction of certain tumor diseases (1, 4, 7, 24) . They all possess a characteristic enzyme, reverse transcriptase (RT), which shows both DNA polymerase and RNase-H activities (6, 12, 20) . RT catalyzes the conversion of the viral genome from a singlestranded (ss)RNA into a double-stranded (ds)DNA (6) .
RT from different sources has been used in different applications, such as for cDNA synthesis, amplifying RNA sequences (6) and diagnosis of infectious agents (7, 8, 13, 14, 24) . In addition, RT from the human immunodeficiency virus (HIV) is the major target for the treatment of AIDS (15) .
Several methods have been developed for detection of RT activity, such as radioisotope assays (8, 16) , biotin oligo(dT)-based assays (17, 26, 28) , assays utilizing nonradioactive dNTPs combined with either colorometric or fluorometric detection (3, 5, 21, 27 ) and polymerase chain reaction (PCR)-based assays (10, 22, 25) . Recently, a technique based on surface plasmon resonance for real-time detection of RT activity was published (2) . However, most of these methods are both labor-intensive and require time-consuming procedures. In addition, most of them do not detect the RT activity in real time.
Here, we describe a simple, sensitive, nonradioactive and non-electrophoretic technique for detection of RT activity in real time. The sensitivity of the enzymatic method for continuous monitoring of inorganic pyrophosphate (PPi) (19) was utilized as a detection system for monitoring RT activity. The reactions occurring in the assay are shown in Table 1 .
The PPi produced in the RT-catalyzed reaction is rapidly converted to adenosine 5 ′ -triphosphate (ATP) by ATP sulfurylase, which is subsequently determined by the luciferase assay.
MATERIALS AND METHODS

Reagents
Bovine serum albumin (BSA), fraction V, adenosine 5 ′ -phosphosulfate (APS), ATP sulfurylase (ATP sulfate adenylyl transferase; EC 2.7.7.4), polyvinylpyrrolidone (PVP; average mol wt 360 000) and dithiothreitol (DTT) were purchased from Sigma Chemical (St. Louis, MO, USA). Purified luciferase (EC 1.13.12.7), D -luciferin and L -luciferin were obtained from BioThema (Dalarö, Sweden). Avian myeloblastosis virus-reverse transcriptase (AMV-RT), dNTPs, deoxyadenosine α -thiotriphosphate (dATP α S) and ddTTP were from Pharmacia Biotech (Uppsala, Sweden).
Oligonucleotides, DNA and RNA Templates
The oligonucleotides E2PN (5 ′ -CGACGATCTGAGGTCATAGCTGT -TTCCTGTGTGAACTGGCCGTCGT -TTTACAACG-3 ′ ) and USPT (5 ′ -CGT-TGTAAAACGACGGCCAGT-3') were designed by us and were synthesized and purified by Pharmacia Biotech. Poly(rA) . p(dT)12-18 ( A 260 unit = 50 µ g) and poly(dA) . p(dT)12-18 were also obtained from Pharmacia Biotech. The homopolymeric templates were supplied in 1:1 ratio with equal number of As and Ts. The template (72 pmol E2PN) was hybridized to 80 pmol USPT in 20 mM Tris-HCl (pH 7.5), 8 mM MgCl 2 in a final volume of 32 µ L. The template-primer mixture was incubated at 65°C for 10 min and then cooled to room temperature.
Real-Time RT Assay
The luminescence was measured using an LKB Model 1250 Tube Luminometer (BioThema) connected to a potentiometric recorder, and the luminometer was calibrated to give a response of 10 mV for the luminometer internal light standard. The luminescence output was calibrated by addition of a known amount of PPi before and after the assay. The standard assay volume was 0.2 mL and contained the following components: 0.1 M Tris-acetate (pH 7.75), 2 mM EDTA, 0.1% BSA, 0.4 mg/mL PVP, 10 mM magnesium acetate, 100 µ g/mL D -luciferin, 4 µ g/mL L -luciferin, 0.3 U/mL ATP sulfurylase and purified luciferase in an amount giving a response of 200 mV for 20 pmol ATP. After 3 min of preincubation, 1 nmol APS, 0.2 µ mol DTT, 2 µ mol NaF and either 0.2 µ g poly(rA) . p(dT)12-18, 0.2 µ g poly(dA) . p(dT)12-18 or 1 pmol primer/template USPT/ E2PN were added to the assay. After addition of RT, the reaction was started by addition of either 10 nmol dTTP or 0.5 nmol each of dTTP, dGTP, dCTP and dATP α S, depending on which template was used.
When the effect of ddTTP (0-10 µ M) was studied, 0.2 µ g poly(rA) . p(dT)12-18 was preincubated with dTTP, at a final concentration of 50 µ M, before the reaction was initiated by addition of 0.45 U/mL AMV-RT.
One-base incorporation was studied on the primer/template USPT/E2PN. After preincubation of 1 pmol primer/ template with 6 U of AMV-RT, the reaction was started by addition of 0.5 nmol of the complementary deoxynucleotide.
All above experiments were done at 23°C. When the temperature effect was tested, the reaction mixture was incubated on a water bath for 10 min before the reaction was started, and the luminometer-cuvette was temperated by circulating water. All experiments were repeated at least three times.
RESULTS
Principle of the RT Detection Assay
In the new reverse transcriptase assay, the primer/template is preincubated with RT before the reaction is started by addition of deoxynucleotides. The progress of the polymerization reaction is followed by monitoring the release of PPi by an enzymatic luminometric PPi detection assay (ELIDA) (19) . In the ELIDA, the PPi produced in the RT-catalyzed reaction is rapidly converted to ATP by ATP sulfurylase, which is subsequently determined by the luciferase assay. The light emission is proportional to the ATP concentration over the range 10 pM to 1 µ M and is essentially time-independent (decay rate <1% min).
Real-Time Detection of RT Activity
In the first experiment, the optimal concentration of the primer/template poly(rA) . p(dT)12-18 was determined. Figure 1 shows the specific rate of RNA-directed DNA synthesis as a function of the poly(rA) . p(dT)12-18 concentration. Half-maximal rate was obtained at a concentration of about 0.1 µ g/mL poly(rA) . p(dT)12-18. Figure 2 shows the rate of DNA synthesis as a function of the concentration of RT. A linear relation between the rate and enzyme concentration in the interval between 1.5 and 960 mU RT was observed. It is well known that the RT can catalyze both RNA-and DNA-directed DNA synthesis on either homo-or heteropolymeric templates. Figure 3 shows the rate of RT-catalyzed, DNAdirected DNA synthesis on poly (dA) . p(dT)12-18 as a function of the RT concentration. The rate of DNA synthesis was about 60-fold faster on the poly(rA) . p(dT)12-18 compared with the poly(dA) . p(dT)12-18. Note that under our assay conditions, addition of either KAc or Tween ® 20 to a final concentration of 10 mM and 0.1%, respectively, did not have any stimulating effect on the RT activity. Also note that the low background activity observed in the absence of template was always subtracted from the activity detected in the presence of template.
Temperature Effect on RT Activity
The effect of the temperature on the RT activity was studied with the aim to increase the sensitivity of the assay. At 30°C, the RT activity was twofold higher than at 23°C (not shown). Due to the temperature sensitivity of the luciferase, higher temperatures than 30°C could not be tested.
Effect of ddTTP on the RT Activity
The RT assay can be used for studies of the effect of chain-terminating nucleotides on the RT activity. Table 2 shows the effect of ddTTP on the initial rate of AMV-RT-catalyzed, RNAdirected DNA synthesis on a poly(rA) . p(dT)12-18 template. Nearly 50% inhibition was obtained at a concentration of 0.8 µ M ddTTP in the presence of 50 µ M dTTP. At 10 µ M ddTTP, 95% inhibition of the activity was observed.
Detection of Single-Base Incorporation on a Heteropolymeric DNA Template
For evaluation of the possibility to detect RT-catalyzed, single-base incorporation events, a 55-base-long DNA template was chosen as a model. The template (E2PN) was hybridized to a 21-base-long primer (USPT), resulting in 34-base-long ssDNA template. Several different experiments were performed for determination of optimal concentrations of nucleotides, template and RT. From those experiments, we found that 2.5 µ M of the nucleotides, 30 U/mL RT, and 5 pmol/mL template were optimal (data not shown). Figure 4A shows a typical trace during full primer extension of the 34-base-long template. The trace clearly shows that the amount of PPi detected correlates with the amount of product 304BioTechniques
Vol. 24, No. 2 (1998) The experimental conditions were as described in Materials and Methods. extended. In the next experiment, the incorporation of the first seven bases after the primer was studied ( Figure  4B ). The reaction was started by stepwise addition of the different nucleotides in an order according to the template sequence. The first base to be incorporated after the primer is T. After addition of dTTP, a signal corresponding to the incorporation of one base was observed. The next base to be added was C, and again a signal corresponding to incorporation of one base was observed. The subsequent addition of dATP α S gave a signal corresponding to the incorporation of five bases (three A plus two C).
DISCUSSION
We have presented a real-time technique for detection of RT activity. In the new approach, the rate of RT-catalyzed, RNA-or DNA-directed DNA synthesis was monitored by detecting the PPi released during the incorporation of nucleotides. A broad range of primer/template and RT concentrations can be used. The assay can be used to study effects of different inhibitors, such as ddTTP, and their mode of action on RT activity (Table 2 ). Due to the high sensitivity of the assay, one-base incorporation events can be studied in real time (Figure 4) . The detection limit for the RT assay is approximately 1.5 mU. The sensitivity of the assay is equal to that of most other assays. However, the PCR-based methods (10, 22, 25) as well as the method by Ekstrand et al. (5) are more sensitive than our technique. Note that the assay conditions have been optimized for the luciferase system (11) and not for the AMV-RT. However, if the system is calibrated with an internal standard, the conditions can be modified to be more optimal for different RTs and template primers.
There are many possible applications for the assay such as detection of RT activity from HIV-1-infected cells. For instance, in a preliminary study, we were able to monitor RT activity in crude Triton ® X-100-treated lysates from HIV-1-infected lymphocyte cultures (data not shown). Although the crude extract contained contaminating PPase and ATPase activity that slightly interfered with the assay, the RT activity could be easily estimated by appropriate controls-PPi and ATP additions both before and after the addition of the sample.
In all experiments, dATP α S was used instead of dATP. We have earlier shown that dATP, but not dATP α S, interferes with the luciferase (18, 23) . In addition, dATP α S was found to be a good substrate for the AMV-RT (Figure 4) .
In this study, the real-time monitoring of RT activity was performed at room temperature with an LKB Model 1250 Tube Luminometer. Due to the temperature sensitivity of the luciferase, higher temperatures than 30°C cannot be used. However, by using a more thermostable luciferase (9) , it should be possible to perform the reactions at the optimal temperature for the used RT and thereby increase the sensitivity and decrease the reaction time for the assay. The capacity of the technique can be further increased by using a microplate-format luminometer.
In conclusion, we present a realtime assay for continuous detection of RT activity. The assay is simple, sensitive and non-electrophoretic, and there is no need for labeled nucleotides. The applications of the assay are very broad, which opens up new possibilities for obtaining a detailed picture of the events involved in RT reactions, such as the effects of different compounds on RT activity.
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